The intracellular domain of the prolactin (PRL) receptor (PRLr) is required for PRL-induced signaling and proliferation. To identify and test the functional stoichiometry of those PRLr motifs required for transduction and growth, chimeras consisting of the extracellular domain of either the ␣ or ␤ subunit of human granulocytemacrophage colony-stimulating factor (GM-CSF) receptor (GM-CSFr) and the intracellular domain of the rat PRLr were synthesized. Because the high-affinity binding of GM-CSF results from the specific pairing of one ␣-and one ␤-GM-CSFr, use of GM-CSFr/PRLr chimera enabled targeted dimerization of the PRLr intracellular domain. To that end, the extracellular domains of the ␣-and ␤-GM-CSFr were conjugated to one of the following mutations: (i) PRLr C-terminal truncations, termed ␣278, ␣294, ␣300, ␣322, or ␤322; (ii) PRLr tyrosine replacements, termed Y309F, Y382F, or Y309؉382F; or, (iii) PRLr wild-type short, intermediate, or long isoforms. These chimeras were cotransfected into the cytokine-responsive Ba/F3 line, and their expression was confirmed by ligand binding and Northern and Western blot analyses. Data from these studies revealed that heterodimeric complexes of the wild type with C-terminal truncation mutants of the PRLr intracellular domain were incapable of ligand-induced signaling or proliferation. Replacement of any single tyrosine residue (Y309F or Y382F) in the dimerized PRLr complex resulted in a moderate reduction of receptor-associated Jak2 activation and proliferation. In contrast, trans replacement of these residues (i.e., ␣Y309F and ␤Y382F) markedly reduced ligand-driven Jak2 activation and proliferation, while cis replacement of both tyrosine residues in a single intracellular domain (i.e., ␣Y309؉382F) produced an inactive signaling complex. Analysis of these GM-CSFr-PRLr complexes revealed equivalent levels of Jak2 in association with the mutant receptor chains, suggesting that the tyrosine residues at 309 and 382 do not contribute to Jak association, but instead to its activation. Heterodimeric pairings of the intracellular domains from the known PRLr receptor isoforms (short-intermediate, short-long, and intermediate-long) also yielded inactive receptor complexes. These data demonstrate that the tyrosine residues at 309 and 382, as well as additional residues within the C terminus of the dimerized PRLr complex, contribute to PRL-driven signaling and proliferation. Furthermore, these findings indicate a functional requirement for the pairing of Y309 and Y382 in trans within the dimerized receptor complex.
The protein hormone prolactin (PRL) regulates the development and maturation of mammary tissues (20, 51) . PRL also modulates immunoresponsiveness by promoting antigen-driven lymphocyte proliferation and inhibiting glucocorticoid-induced lymphocyte apoptosis (4, 13-15, 26, 34, 42) . PRL is expressed by breast epithelium (12) and T cells (55) in an autocrine or paracrine-manner, and its receptor (PRLr) appears to be expressed ubiquitously in these tissues. In rats, three PRLr isoforms have been cloned: the short (PRLr-S) isoform, the long (PRLr-L) isoform, and the intermediate mutation (PRLr-I) (2, 5, 6) . The three isoforms are identical in their ligand-binding extracellular domains and differ in the lengths of their intracellular domains, with 57, 160, or 358 amino acids (aa) within PRLr-S, PRLr-I, or PRLr-L, respectively. Synthesis of PRLr-S mRNA occurs through alternative splicing, resulting in a C-terminal truncation. The PRLr-I isoform lacks 198 aa (i.e., aa 323 to 520) from the central portion of the intracellular domain found within PRLr-L (2) . Like other members of the cytokine receptor superfamily (3), the PRLr lacks an intrinsic tyrosine kinase catalytic domain. PRLr transduction is mediated by associated signaling proteins, such as Jak2 (7, 41, 62) , Fyn (10), Grb2/Sos1 (25) , Raf (16) , and Vav (11) that are activated as a consequence of ligandinduced receptor dimerization. Structure-function studies have indicated that three structural motifs within the intracellular domain of the superfamily of growth factor receptors, namely the box 1, variable box (V box), and box 2, may contribute to interactions with these signaling proteins (37) . The box 1 motif consists of a hydrophobic proline-rich region and presents some similarity to the Src homology 3 (SH3) binding sites. The box 2 motif, present in PRLr-I and PRLr-L but absent in PRLr-S, is rich in hydrophobic and acidic amino acid residues. The intervening region between box 1 and box 2 is the V-box; only a partial sequence of this motif is found within PRLr-S. On the carboxyl side of the box 2 motif resides the extended box 2 domain (X box), a region poorly conserved between the cytokine receptors, required for the function of some members of the cytokine receptor family (46) . Functional analyses of the different PRLr isoforms in a transient promoter-reporter assay system have found that both PRLr-L and PRLr-I, but not PRLr-S, can initiate transcription from a PRL-responsive promoter (1, 43, 53) . When stably transfected into the cy-tokine-responsive line Ba/F3, the PRLr-L and PRLr-I isoforms were comparable at stimulating PRL-driven cell proliferation and gene expression (53) , while the PRLr-S isoform lacked such activity.
Coexpression of the PRLr isoforms occurs at various levels in PRL-responsive tissues and is regulated in part by ovarian hormones (49) . Because no PRL-responsive tissue has been shown to express only a single PRLr isoform, the formation of heterodimeric complexes in vivo may be more of a rule than an exception. To test the functional significance of PRLr isoform heterodimerization, our laboratory recently utilized chimeric receptor constructs (8) . These chimeric receptors contained the extracellular domains of the human granulocyte-macrophage colony-stimulating factor receptor (hGM-CSFr) ␣ or ␤ subunit, termed ␣ or ␤, respectively, and the transmembrane and intracellular domains of the rat PRLr-I or -S isoform, termed I or S, respectively. When these chimeras (termed ␣S, ␣I, ␤S, or ␤I) were coexpressed in the interleukin 3 (IL-3)-dependent B-lymphocyte Ba/F3 line, ligand-induced dimerization of the extracellular domains induced a specific one-to-one pairing of the PRLr intracellular domains. While transfectants expressing the ␣I/␤I homodimer demonstrated ligand-induced function equivalent to that of the wild-type PRLr, Ba/F3 transfectants of either homo-or heterodimers of the PRLr-S isoform (␣S/␤S, ␣S/␤I, or ␣I/␤S) were incapable of ligand-driven proliferation and receptor-associated signaling. As such, the PRLr-S isoform acted as a "ligand trap" and demonstrated that paired copies of structures other than the box 1 motif, such as the V box, box 2, X box, and carboxyl tail, are required for mitogenesis and activation of Jak2 and Fyn in the dimerized PRLr complex.
In this study, we now examine how the structural stoichiometry of the PRLr complex modulates ligand-induced cellular proliferation and signaling. Specifically, the functional contributions of the membrane-proximal region of the PRLr intracellular domain (i.e., box 1, V-box, box 2, and X-box motifs) and tyrosines within the X box and C terminus were tested. In addition, the function of heterodimeric pairings of the long isoform of the PRLr with the short or intermediate isoforms was also tested. These aims were accomplished through the use of the GM-CSFr/PRLr chimera into which deletions or replacements of these conserved structural motifs were introduced. These data demonstrate that structural motifs present in the distal intracellular domain of the PRLr are necessary for Jak2 activation and proliferation. As such, these data also support a transactivation mechanism of the PRLr-signal transduction complex following ligand-induced receptor dimerization.
MATERIALS AND METHODS

Chimeric constructs and mutagenesis experiments.
Cassettes of the extracellular domains of the hGM-CSFr ␣ or ␤ subunits (termed ␣ or ␤, respectively) and the transmembrane and intracellular domains of the rat PRLr-L, PRLr-I or PRLr-S isoforms (termed L, I, or S, respectively) were generated by PCR from a full-length cDNA (8) . The syntheses of the truncation mutations ␣278, ␣294, ␣300, and ␣-or ␤322, as well as the single-and double-point mutations ␣Y309F, ␣Y382F, ␤Y382F, and ␣Y309ϩ382F, were performed by PCR-based site-directed mutagenesis (Stratagene) on a full length of PRLr-I intracellular domain cDNA subcloned into the TA vector (Invitrogen) as a template. Both the wildtype and mutated cassettes were ligated to the ␣ or ␤ subunit and subcloned into the pREP9 or pREP4 expression vector containing a neomycin (G418) or hygromycin B resistance gene (Invitrogen), respectively. Sequences of the chimeric constructs were confirmed by the dideoxynucleotide chain-termination method.
Cell culture, transfection, and proliferation assays. A mouse IL-3-dependent pro-B-cell line, Ba/F3 (54), was maintained in RPMI 1640 medium (GIBCO BRL) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin in the presence of 1 ng of IL-3 per ml (PeproTech). Ba/F3 cells (10 7 ) were sequentially cotransfected (8) In vitro kinase and immunoprecipitation assays. Autokinase activities were measured by a modification of a method previously described (8 For the sequential immunoprecipitation and immunoblot assays, cell lysates were immunoprecipitated with an anti-GM-CSFr ␣ subunit antibody (Pharmingen). Immunocomplexes were isolated with protein A and G beads, resolved by SDS-10% PAGE, and transferred to nitrocellulose. Antigen was detected as previously described (11) with anti-Jak2 or anti-GM-CSFr antibody (Santa Cruz Biotech) and enhanced chemiluminescence (Amersham).
RESULTS
Rationale and synthesis of the GM-CSFr/PRLr chimera. To examine the functional stoichiometry of PRLr structure, seven mutations were introduced into an ␣I chimeric construct. These mutations, termed ␣278, ␣294, ␣300, ␣322, ␣Y309F, ␣Y382F, and ␣Y309ϩ382F were synthesized to test specifically the contribution of the V box, box 2, and C-terminal tyrosines to PRLr-associated signaling and proliferation (Fig. 1A) . In contrast to ␣S, which has a box 1 and partial V-box motif, the four truncation mutations contained a complete box 1 in addition to the following domains: ␣278, full-length V box; ␣294, full-length V box, partial box 2; ␣300, full-length V box, box 2; and ␣322, full-length V box, box 2, X box. The function of the two terminal tyrosine residues within the X box and the Cterminus of the ␣I were tested by the synthesis of point mutations ␣Y309F, ␣Y382F, and ␣Y309ϩ382F, which replaced one or both of the tyrosine residues with phenylalanine. In addition to these mutant chimeric constructs of ␣I, three chimera consisting of ␣ and the wild-type intracellular domains of the S, I, and L isoforms of the PRLr were constructed (Fig. 1A ). In parallel with these ␣ chimera, four ␤ chimera, termed ␤322, ␤Y382F, ␤I, and ␤L, were also generated (Fig. 1B) . These chimeric mutations were cotransfected as expression constructs into the IL-3-dependent, murine pro-B-cell line Ba/F3. Previous work from our laboratory had demonstrated that ligand stimulation of any single ␣ or ␤ chimeric transfectant was nonfunctional with respect to PRLr-associated signaling and proliferation (8) . When cotransfected into Ba/F3, however, ␣/␤ cotransfectants did demonstrate specific binding of the GM-CSF ligand. Indeed, ligand stimulation of ␣I/␤I double transfectants induced the incorporation of [ 3 H]thymidine to levels observed in the IL-3-stimulated parental line (8) .
Data from these studies also indicated that the chimeric constructs were functionally symmetric; e.g., cotransfection of either the ␣S/␤I or ␣I/␤S chimera failed to induce PRLr-associated signaling and proliferation in response to ligand.
Expression and ligand binding of the GM-CSFr/PRLr chimera. Northern blot analysis of the cotransfected Ba/F3 revealed expression of chimeric transcripts of the anticipated size (Fig. 2) . To confirm synthesis at the protein level, anti-hGMCSFr ␣-or ␤-chain immunoprecipitates from these cotransfectants were probed by immunoblot analysis with the same antibodies. This analysis demonstrated that chimeric receptors of the appropriate size were expressed at approximately equivalent levels in the cotransfectant subclones (see Fig. 6 ). The ability of the ␣/␤ cotransfectants to engage ligand at the cell surface was also examined with a flow cytometric assay that utilized a PE-conjugated hGM-CSF. As demonstrated in Fig.  3 , all ␣/␤ cotransfectants demonstrated ligand binding, whereas the Ba/F3 parent line lacked the ability to bind PE-FIG. 1. Schematic representation of the chimeric GM-CSFr/PRLr. The extracellular, transmembrane, and intracellular domains are abbreviated as EX, TM, and IN, respectively. The chimeric receptors consisted of the extracellular domain of the hGM-CSFr ␣ or ␤ subunit, termed ␣ e or ␤ e and the transmembrane and intracellular domains of the rat PRLr-S (rPRLr-S) PRLr-I, or PRLr-L isoforms, termed Si, Ii, or Li, respectively. Syntheses of chimera between ␣ e or ␤ e and Si, Ii, or Li were termed ␣S, ␣I, ␣L, ␤I, or ␤L, respectively. Mutations of ␣I termed ␣278, ␣294, ␣300, or ␣322 represented truncations immediately C terminal to the V box, a partial box 2, a full-length box 2, and the X box, respectively. A single truncation to ␤I, termed ␤322, was also synthesized. Replacements of the tyrosines with phenylalanine at residue 309 or 382 were respectively termed ␣Y309F, ␣Y382F, ␣Y309ϩ382F, or ␤Y382F. The conserved extracellular domain regions including the four cysteine residues and a WSXWS motif are respectively indicated by C and W. Two thick lines labeled 1 and 2 indicate the conserved box 1 and box 2 motifs. conjugated hGM-CSF. Analysis of these cotransfectants revealed a comparable level of ligand binding (mean cellular fluorescence, 65.8 Ϯ 11.7 U) between each cotransfectant clone, with 60 to 80% of the cells of each clone demonstrating specific ligand binding. Thus, these data further confirm that the cotransfectant clones obtained expressed similar levels of receptor chimera that were capable of binding ligand with high affinity.
Both PRLr C termini are necessary for ligand-induced signaling and proliferation in the dimerized receptor complex.
Cotransfectants of the ␣/␤ chimeric receptors were tested for their ability to proliferate in response to exogenous hGM-CSF (Fig. 4) . As previously demonstrated (8) , those Ba/F3 cotransfectants that received both the ␣I and ␤I chimeric receptors showed robust proliferation in response to 100 ng of hGM-CSF/ml of culture medium. In contrast, cotransfectants expressing either ␣S or any of the ␣I truncation mutations (␣278, ␣294, ␣300, or ␣322) with ␤I were incapable of stimulating proliferation in response to ligand as measured by [ 3 H]thymidine incorporation. In parallel to these findings, a lack of significant activation of Jak2 and Fyn was observed in all of the cotransfectants expressing the various ␣ truncation mutations (Fig. 5) . Another measure of the signaling competency of these chimeric receptors was assessed through the evaluation of the phosphorylation of the guanine nucleotide exchange factor Sos that coimmunoprecipitates with Fyn (8, 44) . Comparable to the activation of Jak2 and Fyn, Sos phosphorylation occurred only in ligand-stimulated cotransfectants expressing the wildtype ␣I/␤I chimera (Fig. 5) . Thus, like the wild-type PRLr-S isoform (53), C-terminal mutations of the PRLr through the V box, box 2, and X box were incapable of mediating ligandinduced signaling or proliferation. Since the truncated ␣ chimeras were appreciably shorter than their ligand-juxtaposed ␤I partner, the possibility existed that the "unpaired" C terminus of the ␤I might sterically inhibit a proximal and critical signaling function. To evaluate this possibility, a cotransfectant clone expressing both ␣322 and ␤322 chimeras was generated and tested for its ability to proliferate in response to ligand. Since this cotransfectant failed to respond to ligand (Fig. 4) , it is unlikely that steric hindrance is responsible for the lack of ligand-induced signaling and proliferation observed in the other ␣ truncation cotransfectants. Instead, the most probable interpretation of these data suggests that an intact C terminus in each signaling domain is necessary for ligand-induced transduction. The functional requirement for trans pairing of tyrosine residues in the PRLr complex. To test the stoichiometric requirements for the tyrosine residues at positions 309 and 382, Ba/F3 cotransfectants, which expressed tyrosine replacements both in cis and trans within the dimerized receptor complex (␣Y309F/␤I, ␣Y382F/␤I, ␣Y309ϩ382F/␤I, and ␣Y309F/ ␤Y382), were tested for their ability to proliferate and signal in response to ligand. Analysis of ␣Y309F/␤I or ␣Y382F/␤I cotransfectants demonstrated a similar phenotype. When stimulated with ligand, both cotransfectants incorporated 30 to 40% of the [ 3 H]thymidine observed in the ␣I/␤I cotransfectant (Fig.  4) . In contrast to the chimeras expressing single tyrosine replacements, the Ba/F3 cotransfectant expressing ␣Y309ϩ 382F/␤I was incapable of ligand-induced proliferation. Further examination of ␣Y309F/␤I, ␣Y382F/␤I, and ␣Y309ϩ382F/␤I revealed that the ligand-induced activation of associated signaling factors paralleled the magnitude of induced [ 3 H]thymidine uptake (Fig. 4 and 5 ). These data indicate that both tyrosine residues at positions 309 and 382 contribute to PRLrassociated signaling and proliferation.
Replacement of the tyrosine residues with phenylalanine at position 382 in both PRLr signaling chains has been found to yield a functionally inactive receptor complex (39) . One interpretation of these data suggests that the pairing in trans of tyrosine residues in the PRLr intracellular domain is required for signal transduction. To test this hypothesis further, a cotransfectant was generated that expressed chimeric receptors in which one opposed tyrosine residue was replaced in each signaling chain (␣Y309F/␤Y382F). When stimulated with ligand, this cotransfectant demonstrated a significant decrease in [ 3 H]thymidine uptake, to approximately 15% of the levels observed in the ␣I/␤I cotransfectant. Taken together, these data strongly suggest that the ligand-induced juxtaposition of adjacent tyrosine residues at both positions 309 and 382 (i.e., pairing in trans), is necessary for efficient PRLr transduction.
Heterodimeric complexes of the known PRLr isoforms fail to mediate ligand-induced proliferation. All tissues that demonstrate the binding of PRL have been found to variably coexpress each of the PRLr isoforms (23) . Given that each of the PRLr isoforms shares an identical extracellular ligand binding domain, recent data demonstrating ligand-induced heterodimerization of these isoforms was not unexpected (56) . Prior research has demonstrated that the pairing of the short with a short, or intermediate, PRLr isoform (i.e., ␣S/␤S, ␣S/␤I, or ␣I/␤S) produced an inactive receptor complex (8) , while homodimeric complexes of the intermediate isoform were functionally active (8, 53) . To extend these preliminary studies, the functions of heterodimeric pairings of the long with the short and intermediate PRLr isoforms were tested by the ligand stimulation of ␣S/␤L, ␣I/␤L, and ␣L/␤I cotransfectants (Fig. 4) . Consistent with our previous findings, each of the novel heterodimeric cotransfectants was incapable of mediating ligand-induced proliferation.
Activation, but not association, of Jak2 by GM-CSFr/PRLr chimera requires Y309 and/or Y382. Previous studies with homodimeric PRLr truncations have indicated that the C terminus of the PRLr is not required for the association or activation of the Jak2 (22, 31, 40) . The data presented in Fig. 4 and 5 with the chimeric PRLr truncation and tyrosine replacement mutants clearly indicate, however, that some contribution from the C terminus and Y309 and/or Y382 is necessary for ligandinduced Jak2 activation. To determine whether this was secondary to the inability of Jak2 to associate with the chimeric mutants, immunoprecipitates of lysates obtained from the ␣I/ ␤I, ␣Y309F/␤I, ␣Y382F/␤I, and ␣Y309ϩ382F/␤I cotransfectants with an anti-GM-CSFr ␣-chain antibody, were subjected to immunoblot analysis with an anti-Jak2 antibody (Fig. 6 ). These data demonstrate that ligand induced comparable levels of Jak2 association with each of the ␣/PRLr chimeras, with an 8.3 Ϯ 1.3-fold increase in associated Jak2 after 10 min of stimulation. Thus, while Y309 and Y382 appear not to directly contribute to the association of Jak2 with the PRLr, as previously documented (21) , these data suggest that Y309 and Y382 and/or proteins associated with these residues are necessary for Jak2 activation in this receptor complex.
DISCUSSION
The GM-CSFr/PRLr chimeric receptor system was developed to examine the stoichiometry of structure-function relationships within the PRLr. To enable the targeted dimerization of the associated intracellular PRLr domains, the extracellular domains of the ␣-and ␤-chains of GM-CSFr were utilized, given their 1:1 engagement of ligand. As with other receptor chimeric constructs (50, 52, 67) , ligand stimulation of the GMCSFr/PRLr chimera resulted in the transduction of intracellular domain-associated signals. With this system, previous data from our laboratory determined that pairing of the intracellu- lar domain of the PRLr-S with itself or the intracellular domain of the PRLr-I isoform was incapable of mediating liganddriven proliferation and receptor-associated signaling (8) . While the PRLr-S isoform contains a box 1 motif, it lacks the C-terminal portion of its V box and the box 2 and X-box motifs as the result of alternative splicing. Thus, structure-function comparisons between PRLr-S and the PRLr-I indicated that the paired distal signaling domains present in the ␣I/␤I complexes were necessary for PRLr-associated signaling and proliferation. Candidate motifs located in the C-terminal domain of PRLr-I that could mediate such function were the fulllength V-box, box 2, and X-box domains and two tyrosine residues (Y309 and Y382).
To characterize further the functional stoichiometry of these PRLr C-terminal motifs, several novel GM-CSFr/PRLr chimeric receptor mutations were constructed and tested for their mitogenic and signaling properties in response to ligand in the IL-3-dependent Ba/F3 cell line. Specifically, the PRLr intracellular domain mutations consisted of staggered deletions encompassing all or portions of the V box (aa 251 to 278), box 2 (aa 279 to 300), and X box (aa 300 to 322), or one or both of the C-terminal tyrosine residues (Y309 and Y382). Ligandinduced dimerization of these ␣GM-CSFr/PRLr chimeric mutations with the ␤GM-CSFr/PRLr-I wild-type chimera revealed that in the absence of the ligand-paired PRLr C termini, these proximal PRLr motifs were insufficient for the induction of either signaling or proliferation. The data presented here both confirm and contrast with the results obtained from three independent laboratories examining the function of mutated homodimeric PRLr complexes, summarized as follows. (i) Transfectants of the IL-3-dependent, promyeloid 32D line expressing a rat PRLr mutation truncated C terminal to the V box did not demonstrate PRL-induced Jak2 or Stat activation, gene transcription, or cellular proliferation in response to ligand. In contrast, 32D transfectants expressing PRLr truncations C terminal to the X box (i.e., containing box 1, V box, box 2, and X box and Y309) could fully activate the Jak2-Stat pathway and the transcription of ornithine decarboxylase mRNA, but could only partially induce cellular proliferation (21, 22) , in response to ligand. (ii) Transfection of similar constructs into the human 293 fibroblast subline LA (a constitutive overexpressor of Jak2) produced dissimilar results when stimulated with ligand. Ligand stimulation of transfectants expressing PRLr truncations C terminal to both the V and X boxes induced the activation of Jak2. However, stimulation of both of these transfectants failed to induce the expression of a PRL-responsive promoter (␤-casein) reporter construct (24, 40) . (iii) Similar to the first study, CHO transfectants expressing rabbit PRLr truncations C terminal to the V box poorly activated Jak2, Stat5, and a cotransfected, PRL-responsive (␤-lactoglobulin promoter) reporter construct. In addition, a transfectant expressing a PRLr truncation C terminal to the X box was found to fully activate Jak2 and Stat5, but induced marginal PRL-dependent gene expression (31) . Taken together, the current and previous studies indicate that in the absence of Jak2 overexpression, elements within the V box, box 2, X box, and C terminus are necessary for ligand-induced gene expression and/or proliferation. The results presented here, however, stand in contrast to the previous studies, in that the homodimeric pairing of the ␣322/␤322 or any of the heterodimeric truncations were incapable of mediating ligandinduced Jak2 activation. The observation that the ␣Y382F/␤I cotransfectant was capable of partially mediating proliferation and Jak2 activation, while the ␣322/␤I or ␣322/␤322 cotransfectants were not, argues that residues within the C terminus other than Y382 contribute to PRLr-mediated proliferation. Alternatively, these findings may be trivially explained by inherent differences between the cell lines utilized and their relative abundance of signaling constituents. This possibility should be shortly resolved, because the introduction of the GM-CSFr/PRLr chimera into other PRL-responsive cell lines is currently under way in our laboratory.
The results presented also revealed that replacement of either tyrosine residue within the X box (Y309F) or the C terminus (Y382F) in one receptor chain within the liganddimerized PRLr complex resulted in a partial reduction of PRL-induced signal transduction and proliferation. While replacement of both of these residues in one chain resulted in a functionally inactive complex, the replacement of one of the Y309 and Y382 residues (i.e., ␣Y309F/␤Y382F) in opposing receptor intracellular chains resulted in a nearly eightfold reduction in overall ligand-induced proliferation. Prior studies examining the role of the terminal tyrosine residues in mutated homodimeric PRLr complexes (i.e., complexes in which tyrosine residues in both PRLr chains were mutated) transfected into the Jak2-overexpressing 293/LA line indicated that the removal of Y309 (via deletion of the X box) did not ablate PRL-driven expression of a ␤-casein promoter reporter construct (39) . In contrast, replacement of Y382 completely ablated such expression in the 293/LA transfectants. When stimulated with ligand, however, both the Y309del and Y382F transfectants, as well as a Y309del ϩ Y382F transfectant, demonstrated Jak2 phosphorylation in response to ligand. Collectively, these previous results have been interpreted to indicate that proximal motifs, such as the well-recognized contribution of the box 1 motif (40), within the PRLr were sufficient for both the association and activation of Jak2, while the Y382 residue was necessary for the induction of PRL-responsive gene expression. The data presented here, however, argue that the amino acid residues Y309 and Y382, while not directly contributing to the association of Jak2, do contribute to the activation of Jak2, Fyn, and Sos. The basis for the FIG. 6 . Mutations within the GM-CSFr/PRLr chimera do not alter Jak2 association. Lysates from the indicated Ba/F3 cotransfectants were sequentially immunoprecipitated (IP) with an anti-␣ GM-CSFr antibody and immunoblotted (IB) with an anti-Jak2 antibody. Comparable levels of ligand-induced Jak2 association were observed with each transfectant. Stripping and reprobing of this blot with the anti-␣ GM-CSFr antibody revealed equivalent levels of receptor loading and expression. differences between our current study and previous findings may relate to fundamental differences in the cell systems and receptor mutants utilized. In particular, the previous data (40) relied on a cell subline which overexpressed Jak2 and examined the functional significance of Y309, not by replacement, but by deletion of the entire X box.
Previous data have indicated that both Y309 and Y382 are phosphorylated during ligand-induced PRLr dimerization (41) . The significant reduction in ligand-induced proliferation (and signaling) observed in the ␣Y309F/␤Y382F and ␣Y309ϩY382F/␤I cotransfectants would argue that at least one pair of tyrosines either at Y309 or Y382 in trans are necessary for effective signaling from the dimerized PRLr complex. Taken together, these data suggest that transphosphorylation of the tyrosine residues significantly contributes to proximal PRLr transduction. The seminal importance of receptor transphosphorylation of growth factor receptors containing tyrosine kinase domains, such as epidermal growth factor receptor, platelet-derived growth factor receptor, and the insulin receptor is well recognized (38, 57, 58, 65) . To the best of our knowledge, however, our findings represent the first elaboration of this phenomenon among the superfamily of cytokine receptors to which the PRLr belongs. Paralleling the phosphorylation of these tyrosine residues within the PRLr, both Jak2 and Fyn are activated with similar kinetics (7, 10) . One interpretation of these data would support a model in which the dimerization of the PRLr complex initiates signaling via transphosphorylation of the receptor by an associated kinase. In light of our findings, it is conceivable that the activation of Jak2 associated with the PRLr may require the initial activation of an additional kinase or phosphatase associated with the PRLr at either Y309 or Y382.
The inability of ligand-induced heterodimers of the PRLr isoforms may be of considerable functional significance. While PRLr-I is only known to exist within the Nb2 cell in rodents (2), the PRLr-I isoform in humans occurs naturally as a splice variant and is thought to represent the predominate isoform within normal and malignant human breast tissues (9) . Whether the heterodimeric PRLr complexes are inactive with respect to other cellular processes or associated signaling cascades remains an active area of investigation for this laboratory. The basis for the inability of PRLr-I and PRLr-L to function as heterodimers, when perfectly capable of functioning as homodimers, is currently open to additional consideration. One interpretation of the findings presented here, however, suggests that the ligand-induced pairing of functional motifs within the PRLr intracellular domain (such as Y382 and/or other C-terminal residues) must occur in spatial proximity and/or the appropriate register. Such a theory could explain why the ␣I/␤L and ␣L/␤I cotransfectants were functionally inactive and is readily testable through the use of additional chimeric constructs.
Use of the GM-CSFr/PRLr chimera has revealed that the structural basis for PRLr-associated proliferation is dissimilar from that observed for many other members of the cytokine receptor family, including growth hormone (17, 32, 33, 66) ; erythropoietin (18, 19, 28, 36, 59, 61) ; GM-CSF, IL-3, and IL-5 (␤ c -chain) (48, 60, 64) ; gp 130 (47); and granulocyte-CSF (27) . As summarized in Fig. 7 , C-terminal truncations of these cytokine receptors in the proximity of either the box 2 or X-box motifs do not ablate ligand-induced cell proliferation, although the loss of activation of specific signal transduction and gene expression pathways associated with cellular differentiation has been reported in some receptor mutations (63) . One specific example of this structure-function relationship was found in the receptor for erythropoietin. C-terminal truncations distal to the X box produced a receptor mutation fully capable of mediating erythropoietin-induced cell proliferation, but unable to phosphorylate and activate Stat5 (61) . In terms of the proliferative requirement for its C-terminal tail, the PRLr bears the greatest structural similarity to the ␤-chain of the IL-2r (35) . Truncations proximal to or replacement of either of the two terminal tyrosine residues in this receptor preclude ligandinduced proliferation (29, 30, 45) . These findings suggest that PRLr and IL-2r␤ may require intracellular domain motifs in addition to those found in box 1, the V box, box 2, and the X box. Analysis of the amino acid sequences surrounding these C-terminal tyrosines in the PRLr and IL-2r␤, however, reveals no significant homology, suggesting that the associated signaling machinery utilized by these receptor complexes at these sites may differ. Given the relatively promiscuous utilization of Jak and Stat pathways by the cytokine receptor superfamily, such alternative signaling mechanisms could significantly contribute to the generation of specificity in cytokine receptor signaling. Thus, further study of those motifs and proteins associated with the C terminus and/or residues Y309 and Y382 of the PRLr may provide further insights into the structural basis for the specific growth and differentiation signals arising from the PRLr complex.
